University of Windsor

Scholarship at UWindsor
Electronic Theses and Dissertations

Theses, Dissertations, and Major Papers

Fall 2021

Finite Element Analysis of Complex Vectorbloc Beam-Column
Connections
Labiba Kalem
University of Windsor

Follow this and additional works at: https://scholar.uwindsor.ca/etd
Part of the Civil Engineering Commons

Recommended Citation
Kalem, Labiba, "Finite Element Analysis of Complex Vectorbloc Beam-Column Connections" (2021).
Electronic Theses and Dissertations. 8867.
https://scholar.uwindsor.ca/etd/8867

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor
students from 1954 forward. These documents are made available for personal study and research purposes only,
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution,
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or
thesis from this database. For additional inquiries, please contact the repository administrator via email
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.

Finite Element Analysis of Complex Vectorbloc Beam-Column
Connections
By

Labiba Kalam

A Thesis
Submitted to the Faculty of Graduate Studies
through the Department of Civil and Environmental Engineering
in Partial Fulfillment of the Requirements for
the Degree of Master of Applied Science
at the University of Windsor

Windsor, Ontario, Canada

2021

© 2021 Labiba Kalam

Finite Element Analysis of Complex Vectorbloc Beam-Column
Connections
By

Labiba Kalam

APPROVED BY:

______________________________________________
F. Baki
Department of Mechanical, Automotive, and Materials Engineering

______________________________________________
H. Ghaednia
Department of Civil and Environmental Engineering

______________________________________________
S. Das, Advisor
Department of Civil and Environmental Engineering

August 23, 2021

DECLARATION OF ORIGINALITY
I hereby certify that I am the sole author of this thesis and that no part of this
thesis has been published or submitted for publication.
I certify that, to the best of my knowledge, my thesis does not infringe upon
anyone’s copyright nor violate any proprietary rights and that any ideas, techniques,
quotations, or any other material from the work of other people included in my
thesis, published or otherwise, are fully acknowledged in accordance with the
standard referencing practices. Furthermore, to the extent that I have included
copyrighted material that surpasses the bounds of fair dealing within the meaning of
the Canada Copyright Act, I certify that I have obtained a written permission from
the copyright owner(s) to include such material(s) in my thesis and have included
copies of such copyright clearances to my appendix.
I declare that this is a true copy of my thesis, including any final revisions,
as approved by my thesis committee and the Graduate Studies office, and that this
thesis has not been submitted for a higher degree to any other University or
Institution.

iii

ABSTRACT
Steel modular construction provides an efficient alternative to traditional
construction practices. A key component to modular construction is the connection
between the individual modules, which hold the building together against applied
loads such as gravity, snow, and wind. The VectorBloc connector is an innovative
cast steel connector that is used in the connections between steel modules made
from hollow structural steel (HSS) members. The current VectorBloc connector,
called VB4, is limited in its uplift capacity and thus faces challenges when applied
to structures facing high uplift forces. Thus, a new design of the VectorBloc
connector, called VB6, with a focus on increasing its uplift capacity has been
proposed. This research program was designed to investigate the behaviour of this
new design through a finite element analysis (FEA) based numerical approach.

This research presents the findings of a parametric study performed on the
connection under axial tension loads. The results are discussed and analyzed, and
the recommended parameters to maximize the connection’s uplift capacity are
presented. The results of the analysis conducted on the connection under axial
compression, lateral shear, and bending loads are analyzed, discussed, and
presented as well.
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CHAPTER 1
INTRODUCTION

1.1 General
Steel modular construction is on the rise due to the speed, efficiency, and quality that
accompany this method in comparison to traditional construction practices. The modular
process allows for the reuse and recycle of waste, and the repetitive process of
manufacturing uses less energy than that of traditional construction practices. Due to
modules being assembled in controlled environments, this mode of construction allows
for improved quality control and faster build times. In addition, this mode of construction
also reduces air pollution and the cost of construction due to shorter onsite equipment and
labor time. Among the different forms of modular construction, modular steel buildings
are of particular interest due to their potential to meet the infrastructure needs of growing
cities.

1.2 VectorBloc Connector

Figure1.1: VectorBloc corner connector
A key component in modular building construction is the connection between the
individual modules, which hold the modular building together against applied loads such

1

as gravity, snow, wind, and earthquake. As modular construction aims to streamline the
building process, the connection design must allow for faster, easier, and efficient
installation of the building modules. Z-Modular, previously known as VectorBloc Corp,
developed a state-of-the-art cast steel connector named the VectorBloc connector, which
is presently used in the connections between steel modules of modular buildings. These
modules are made from hollow structural steel (HSS) members. A schematic of a single
module can be seen in Figure 1.1. The modules are produced with up to ninety percent in
factory completion, including mechanical, electrical, and plumbing (MEP) fittings, and
interior finishes and furnishings. The fully fitted modules are then transported to the
building site and stacked horizontally and vertically in accordance with the building
design. The novelty of the VectorBloc connector is that it provides both the intramodular
connection, i.e. the beam-column connection in a module, and inter modular connection
between modules.
The connector has three forms, an L, T, and cruciform, corresponding to the corner, edge,
and interior connections, respectively. This study will focus on the corner L connector,
which is shown in Figure 1.1. The main components of the VectorBloc connector, which
can be seen in Figure 1.2, consist of an upper bloc, lower bloc, two socket head cap
screws (SHCS), two flat head cap screws (FHCS), a registration pin, and a gusset plate.
The lower bloc connects the top HSS column to the HSS floor beams and the upper block
connects the bottom HSS column to the HSS ceiling beams. The HSS columns and
beams are connected to the upper and lower blocs through a full penetration weld all
around. On-site, the gusset plate is connected to the upper bloc with two FHCs, and the
registration pin is threaded into the lower bloc. The upper bloc and lower bloc are
2

vertically connected via the SHCSs, which thread into holes in the upper bloc. The
assembly of the corner VectorBloc connector can be seen in Figure 1.2.

Socket Head Cap Screw (SHCS)

Lowerbloc

Registration Pin
Flat Head Cap Screw (FHCS)
Gusset Plate
Upperbloc

Figure 1.2: VectorBloc connector components

1.3 Statement of Problem
The current VectorBloc connector, named VB4, is limited in its uplift capacity and thus
faces challenges when applying to taller structures whose connections experience high
uplift forces. Thus, key modifications to the VectorBloc connector design with a focus on
increasing its uplift capacity have been proposed. This new design, named VB6, is larger
overall and uses larger beams and columns than the VB4 design. It is paramount to study
the structural behaviour of the VectorBloc connection with the proposed modifications
under different loading conditions so that design guidelines can be developed for this

3

modular connection. A to scale comparison between the VB4 connector and VB6
connector can be seen in Figure 1.3.

(a) VB6 connector

(a) VB4 connector

Figure 1.3: VB6 and VB4 comparison

1.3 Objective and Scope
Connections with the geometric complexity of the Vectorbloc are not considered under
existing codes. Thus, applying existing methods of analysis to determine the connector’s
capacity yield highly conservative results. This research project consists of a parametric
study on the redesigned VectorBloc connection under axial tension, axial compression,
lateral shear, and bending loads using finite element analysis (FEA). The parameters that
are considered in redesigning the connection are bolt diameter and bolt location. In
addition, the effect of using a single column versus columns bundled together on the axial
tension and compression capacity of the connection is also studied. The finite element
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(FE) models of these modified beam-column connections will be developed with a
commercially available finite element code, ABAQUS/Standard version 6.14 by
SIMULA Inc.6. The FE models will then be analyzed under various load conditions:
axial tension, axial compression, lateral shear, and bending loads. The results of this
analysis will be used to propose modifications to the geometry and connection details to
improve uplift capacity and provide an understanding of its behaviour to plan for future
experimental testing.

5

CHAPTER 2
LITERATURE REVIEW

2.1 General
The objective of this literature review is to summarize the previous research on modular
construction and its methods. This review will help provide an overview of completed
works on the different methods of modular construction that have been studied, as well as
summarize previous works on the VectorBloc modular connection, which is the topic of
this research. The literature review begins with the background of off-site construction.
This section provides an overview of the origins of offsite construction and its current
use. In addition, this section also provides a summary of key terminology, distinctions,
and subcategories of off-site construction that are relevant to this research. Subsequently,
the review then summarizes the benefits provided by the modular construction method
including economic and environmental benefits. The literature review then follows by
discussing the different types of modules that are used in modular construction and their
respective load transfer mechanisms. Varying methods of modular building construction
that have been researched are discussed next in this review. In particular, the purpose and
performance of building modules made from different materials are explored. Finally, the
literature review concludes by exploring numerous methods of modular connection that
have been proposed or developed by several different researchers in an effort to
understand the applications and limitations of current modular connections.

2.2 Background
Off-site construction is defined as the manufacturing and assembly of building
components at a location away from the final installed location of the building
(Doermann et al., 2020). The use of off-site construction can be traced as far back as the
6

17th century when a disassembled home was shipped from England to the United States
(Doermann et al., 2020). Throughout history, increased applications of off-site
construction typically occurred in response to the high demand for housing. The boost in
off-site home development for mine workers during the California Gold Rush is an
example of modular construction being used successfully to meet quick housing needs
(Chavez, 2011). An image of a prefabricated warehouse developed during the California
Gold rush can be seen in Figure 2.1. Another example of modular construction used to
meet sudden housing demands is the hundreds of modular houses that were built to
provide quick shelter to those displaced by the 2008 Wenchuan earthquake in China
(Boafo et al., 2016) (Figure 2.2). Currently, off-site construction can be seen worldwide
in countries such as the United States, United Kingdom, Sweden, and Japan and
increasing in popularity in Australia, China, Hong Kong, Netherlands, and Germany
(Ferdous et al., 2019).

Figure 2.1: Warehouse prefabricated for the California Gold Rush
(The Illustrated London News, 1849)
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Figure 2.2: Settlement of prefabrcated houses in Wenchuan earthquake
(Meng et al., 2015)
Offsite construction has many subcategories, with panelized and modular construction
being two well-known methods. Panelized construction refers to manufacturing wall and
floor assemblies off-site and transferring them to the site for assembly and installation to
form three-dimensional complete spaces (P. M. Lawson et al., 2008). The installation of a
prefabricated wall panel to a building can be seen in Figure 2.3. Modular construction on
the other hand refers to the manufacturing of prefabricated three-dimensional modules
that are transported from the factory to the site and installed there. The modules can be
fully finished spaces or a subassembly of mechanical, electrical, and plumbing (MEP)
systems (Doermann et al., 2020). Volumetric modular construction specifically refers to a
type of modular construction in which the assembled modules include complete spaces.
The modules typically arrive on-site fully finished and only require assembly and
connections to utilities, between modules, and the foundation (Doermann et al., 2020).
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Figure 2.3: Installation of prefabricated panel
(Kuusk et al., 2019)
Laovisutthichai et al. (2020) divided the modular construction process into three main
stages: manufacturing, transportation, and installation. The manufacturing stage is a
combination of concepts from the production line, the industrial workstation, and
repetitive duties (Laovisutthichai et al., 2020). It involves the production of modules in a
factory-like setting to reduce the work required on site. The transportation stage is the
transfer of modules from the place of production to the work site for assembly. Finally,
the installation stage involves the assembly of the modules on site including utilities to
form a fully finished building. A summary of the typical modular construction process is
shown in Figure 2.4.

9

Figure 2.4: Modular process
(Liew et al., 2019)

2.3 Benefits of Modular Construction
There is growing interest in modular construction due to the many benefits it provides in
comparison to traditional construction practices. Benefits include a reduced and more
accurate estimate of project completion time, increased quality control, minimum waste
in materials (and thus, better for the environment), fewer workers required on-site, and
safer manufacturing in comparison to standard construction practices (R. M. Lawson et
al., 2012).
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The speed of modular construction can be exemplified through cases such as the
construction of the One-9 apartment complex, a nine-story modular building, shown in
Figure 2.4, assembled in only five days in Melbourne, Australia (Boafo et al., 2016).
Another example of modular construction’s speed is the Mini Sky City, a fifty-seven-story
skyscraper in Changsha, China that was assembled in only nineteen working days (Boafo
et al., 2016). A study by Hammad & Akbarnezhad (2017) compared modular
construction to traditional construction and found that for the same building, modular
construction had a 58% improvement in project delivery time and over 19% reduction in
project cost.

Figure 2.5: Construction of One-9 apartment complex
(Boafo et al., 2016)
The ability to produce the modules in a controlled environment allows for more stringent
quality control measures to be applied. These tighter measures can be implemented in
different parts of the production process, such as in the material quality and factory level
11

quality assurance management (Musa et al., 2016). The controlled environment reduces
the defects that typically occur in traditional construction, saving on the costs associated
with product defects and repairs as well as material costs due to the waste reduction
(Musa et al., 2016).
Another major benefit to modular construction is that it is sustainable (Kamali et al.,
2019). A comparative carbon footprint analysis revealed that modular construction has
the potential to reduce greenhouse gas emissions by 30% (Barrett & Wiedmann, 2007). A
study by R. M. Lawson et al. (2012) estimated that modular construction has the potential
to reduce landfill waste by a minimum of 70% and transportation vehicle visits by up to
70%. This study also showed that modular construction can reduce noise by 30-50% and
accidents by over 80% when compared to traditional onsite construction (R. M. Lawson
et al., 2012). A comparative study on the sustainability of modular construction by Jiang
et al. ( 2019) revealed that compared to traditional construction practices, modular
construction can save up to 60% of steel, 56% of concrete, and 77% of formwork in the
construction phase.

2.4 Modules
Modules are often called the building blocks of volumetric modular construction. They
are fabricated offsite and fitted with utilities and architectural finishes. The level to which
the modules are finished can vary from unfinished to fully finished units with
mechanical, electrical, and plumbing fittings, architectural finishes, and interior
furnishings. Modules are built offsite under factory quality assurance management and
control to meet the same building standards of traditional construction methods (Musa et
al., 2016).
12

Lacey et al. (2018) classified modules by their main materials like steel, precast concrete,
and timber frame. Steel modules specifically were categorized as modular steel building
modules, light steel-framed modules, and container modules. Ferdous et al. (2019)
classified steel modules in two categories by their load transfer mechanism: selfsupporting load-bearing modules and frame-supported modules (Figure 2.6). Selfsupporting modules transfer vertical loads through their sidewalls, while frame-supported
modules transfer loads through edge beams connected to corner posts (Ferdous et al.,
2019). Deeper edge beams are required for frame-supported modules in comparison to
self-supporting modules (P. M. Lawson et al., 2008). This is because the beams in framesupported nodules carry the floor loads without any intermediate support, whereas the
beams in self-supported modules are supported along their length by the wall members.
For both module types, the horizontal load resistance is typically provided by bracing or
diaphragm action in the walls for buildings up to six stories high, while a different
bracing method is required for taller buildings (P. M. Lawson et al., 2008). The typical
load transfer mechanism of frame-supported and self-supporting modules can be seen in
Figure 2.7.

13

(a) Frame-supported module

(b) Self-supporting module

Figure 2.6: Module types
(P. M. Lawson et al., 2008)

(a) Frame-supported module

(b) Self-supporting module

Figure 2.7: Load transfer systems in modules
(Sharafi et al., 2018)
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2.5 Modular Buildings
Modular construction includes a wide range of methods, materials, and applications.
Buildings that require the use of repetitive units are a good fit for modular construction
(Laovisutthichai et al., 2020). Thus, application to buildings such as apartment
complexes, hospitals, hotels, and student housing is more common for this building
method (Ferdous et al., 2019). A statistical summary of data from 45 North American
modular manufacturers in 2017 showed that in 41 modular buildings, 15% were
institutional buildings, 32% were educational buildings, 7% were office buildings, and
24% were housing/ hospitality buildings (MBI, 2018). Elshaer and Billah (2021)
suggested modular construction as a possible solution to the hospital capacity shortage
many regions faced during the COVID-19 global pandemic that began in 2019. The
speed of construction and separation between units make modular construction an ideal
method to quickly provide field hospitals to accommodate more patients.
In addition to being used for the construction of new buildings, modular construction can
also be used to add on to existing buildings. Modules can be used to increase a building’s
footprint or added to rooftops to extend the building vertically (BC Housing, 2014).
Depending on the weight of the modules and reserve structural capacity of the building,
an additional one to two floors can be added to an existing building without needing to
modify the existing structure or foundation (BC Housing, 2014).
Materials used in modular buildings include steel, concrete, wood, or a combination of
these materials (Lacey et al., 2018). A report from the CSA group showed that in the
United States and Canada, the materials used in modular projects were 70% wood, 25%
15

steel, and 5% concrete, and were primarily for low-rise construction. In North America,
steel is the primary material used in the volumetric modular construction of high-rise
buildings (Doermann et al., 2020).
The different materials and building methods come with their respective benefits and
challenges. Various researches were conducted on the behaviour and performance of
different modular construction techniques. Deng et al. (2019) explored the behaviour of
container like modular units made from corrugated steel plates for the application to
high-rise buildings and seismic areas. The corrugated steel plate is used to enclose the
surface of the module units and the web of the beams to increase its shear strength. The
corrugated steel plates were examined experimentally and through finite element analysis
under shear loading to test their performance as shear walls on the modular building. A
parametric study was also conducted to evaluate the effect of different geometric
parameters on the initial stiffness of the corrugated steel plate shear walls.
Miller et al. (2019) studied the static performance of buildings using the modular
container system, which uses steel containers. The containers are designed as space
frames that consist of corner columns and longitudinal and transverse girders with the
floors and ceilings laid on transverse beams. Molded steel sheets were used for the
ceiling and wall cladding. All connections in the container were welded and anchors were
used between the individual containers to mechanically connect them at their corners.
The horizontal stiffness of the structure was evaluated and a static assessment of the
corners of the containers was performed.
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Hu et al. (2020) analyzed an existing modular dormitory building built from reinforced
concrete box modules. Each module was a separate room and fabricated in a factory by
connecting four wallboards with the roof as a whole unit. On-site, the rooms were
assembled by welding pre-embedded steel parts located at the corner of each module. The
building was evaluated under different criteria to evaluate its safety after over twenty
years of use and found that it can continue to be safely used as normal.
Modular construction systems that use modules made from light steel were explored by
P. M. Lawson et al. (2008). Full-scale testing was conducted and it was found that light
steel frames have a significant reserve in stability and structural integrity. Gatheeshgar et
al. (2021) explored a hollow flange section used for floor beams in light steel modular
construction. The section moment capacity of the beams was analyzed using finite
element analysis and experimental testing and a simplified calculation method was
developed to predict the critical buckling capacity.
Aquino and Branco (2020) studied a new modular wall construction system made from
wood. The connections between walls were made with interlocking tongue and grooves
combined with lag screws. The glued connection between elements in the module and the
load capacity of the modules was explored through experimental and analytical methods.
It was found that the load-carrying capacity of multiple units was less than that of a single
unit due to the presence of the joint between modules.
Fathieh and Mercan (2016) researched frame-supported steel modules to be used in
multi-story modular steel buildings. The modules were made from HSS (hollow
structural steel) columns, W-section (I shaped) beams, and HSS braces. The behaviour of

17

the diaphragms, the displacement between modules, and force transfer through the
connections were studied to gain insight into the dynamic behaviour of the modular steel
building. The system was studied through analytical methods. It was found that the base
shear resistance of the structure was higher than that of traditional steel buildings due to
the larger number of columns present in the modular system.

2.6 Modular Steel Connections
A key component to the success of volumetric modular construction is the connection
between the modules. The connections must be able to safely carry the design loads while
allowing for quick and efficient installation of the modules on site. This section of the
literature review aims to highlight research that has been done on modular connections to
provide an understanding of the purpose of modular connections and the various
techniques and approaches available.
Li et al. (2021) discussed two different types of connections that exist in modular
construction: inter-modular and interlocking. Inter-modular connection is the horizontal
and vertical connection between volumetric building modules and is an essential
component in these building systems. There are various inter-modular connection
systems currently available in the market and in research and most of them primarily
consist of bolts, plates, and welds to form a rigid connection (Li et al., 2021). Interlocking
connections in modular buildings refer to the connection of structural elements through
the interlocking of their geometric elements instead of bolts and welds to increase the
connection’s demountability (Li et al., 2021). The types of connections found in
volumetric modular construction were also discussed in a study by Farajian et al. (2021),
which identified intra-modular connections as another important connection in modular
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construction. Intra-modular connection refers to the beam-column connection that exists
within the modules themselves (Farajian et al., 2021). The general locations of intermodular and intra-modular connections in different joint locations of a general modular
building are shown in Figure 2.8. The leftmost image in Figure 2.8 shows a corner joint,
the middle image shows an interior joint, while the rightmost image shows a side joint.

Figure 2.8: Inter-modular and intra-modular connections
(Farajian et al., 2021)
Demountability as an aspect of modular connections was also discussed in the study by
Li et al. (2021). Demountability refers to the ability of the connections to be removed
without damaging the structure. At the end of the life of a building, the structural
components can be reused so less waste is produced in its recycling, further reducing the
environmental impact of modular construction (Li et al., 2021).
Deng et al. (2017) tested an inter-modular connection that consisted of prefabricated
socket-shaped tenons welded to a cruciform gusset plate (Figure 2.9 (a)). The beams were
welded directly to the columns to form the module and bolts were secured to the beam
flange and web onsite to connect the modules vertically and horizontally, respectively.
The connection was tested under monotonic and cyclic loading through experimental and
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finite element methods and it was found that the connection is able to utilize the full
plastic strength of the beams and the capacity of the columns was influenced by the
geometry of the tenons.
Chen et al. (2017) proposed an inter-modular connection that uses beam-to-beam bolted
connections and beam and column tenons (Figure 2.9 (b)). The working mechanism,
seismic performance, and load-bearing capacity of the connection were studied. A study
with an experimental program and finite element analysis was performed and the results
showed that due to the construction between the units, a gap formed between the upper
and lower columns, which could influence the distribution of bending loads at the
connection. The use of stiffeners could increase the ultimate load capacity of the
connection; however, including stiffeners also caused a reduction in the energy
dissipation of the connection.
Lee et al. (2017) proposed a connection to apply modular steel construction of mid to
high rise buildings in seismic regions. The connection was fully rigid and worked with a
modular system that contained a square column with a channel-shaped ceiling beam and
high-strength bolts. The system was designed as a moment-resisting frame and could be
combined with other systems that resist seismic forces. The connection was tested under
cyclic loading through experimental study and finite element analysis. The results of the
study indicated that depending on the size of the ceiling bracket used, the proposed
modular system can be used as a seismic force-resisting system.
Lacey et al. (2019a) reviewed the purpose, structural performance, onsite construction
requirements, and methods to estimate the stiffness of existing inter-modular connections
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for modular steel buildings. Results from existing theoretical models were compared to
the numerical and experimental results obtained from the selected connections. It was
found that the inter-connection shear stiffness, especially the initial slip stiffness of the
connections could not be estimated accurately by the theoretical models. Other factors,
such as the column section, need to be considered and further research is recommended
to develop appropriate theoretical models.

(a) Tenons welded to gusset plate

(b) Beam-to-beam bolted connection

Figure 2.9: Inter-modular connections
(Deng et al., 2017; Chen et al., 2017)
Overall, it was found that the inter-connection shear stiffness could not be estimated
accurately, especially the initial slip stiffness. Following this review, Lacey et al. (2019b)
tested a new inter-modular connection for modular buildings that used structural bolts
with interlocking components to improve the shear force slip behaviour. An experimental
study was performed in addition to a parametric study of the connection and an improved
model of the shear slip behaviour was proposed for the proposed connection.
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A structural connector that provides both the beam-column connection within the module
and inter-modular connection between modules was proposed by Khan and Yan (2020)
(Figure 2.10 (a)). This connector had upper and lower components and uses tenons in the
columns and beams and multiple long bolts to secure the modules vertically. A gusset
plate combined with more bolts was used to fill the gap between the upper and lower
components and connect the modules horizontally.
An inter-modular connection for mid and high-rise steel modular buildings was proposed
by Liu et al. (2015) (Fig. 2.10 (b)). The connection consisted of a column base, flanges,
and single-angle trusses and uses both welding and bolts to form the connection. The
welding was done in a factory while the bolting was done on-site to facilitate quick onsite assembly of the modules. Experimental and finite element analysis methods were
used to study the connection under monotonic tensile loading and cyclic loading. It was
found that the bolted portion of the connection aided in sustaining the connection’s
seismic performance even while cracks formed in the welds. The connection without the
axillary plate could not be used in high seismic zones; however, the connection with the
axillary plate has good energy dissipation and was applicable for use in strong seismic
zones.
Lyu et al. (2021) studied a splice connection for modular construction, which consists of
splice plates and slip-critical high strength bolts. The research was conducted on a fullscale frame supported modular building using both experimental and numerical methods.
The results showed that the use of the proposed splice connection did not cause any
negative effect on the connection behaviour prior to the occurrence of global buckling of
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the column and any negative effect caused by it occurred after global buckling and thus
does not affect the design on the vertical load transfer performance.

(a) Beam-column and inter-modular connection

(b) Inter-modular connection

Figure 2.10: Modular connections
(Khan and Yan, 2020; Liu et al., 2015)
Sharafi et al. (2018) studied the performance of an innovative interlocking system for
multi-story volumetric modular buildings. The connection was a self-fit and self-locking
mechanism that consists of tongues and grooves that come into contact to prevent
translation, rotation, and separation between the parts. The system was to prevent
unintentional disassembly and stress concentrations in areas of attachments in very high
loading conditions. Numerical and experimental methods were used to study the
connection and it was found that the system allowed the modular buildings to retain their
integrity when under accidental loads.
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Farajian et al. (2021) studied the effects of intermodular connections on the effective
length factor of columns in corner-supported steel modules. Equations were developed
for vertically and horizontally connected modules for both sway and non-sway frames.
Generalized connections that were composed of beams, columns, and horizontal and
vertical connections were studied. Equations were developed using numerical methods
and verified through finite element analysis. The results showed that the bending stiffness
ratio of the joints and relative bending stiffness of the connection has a direct influence
on the effective length factor of the columns.
Sanches et al. (2018) proposed a connection that consists of a post-tensioned threaded
rod, HSS columns, and a steel box plate between two modules (Figure 2.11 (a)). Quasistatic loadings tests were performed to evaluate the seismic and general performance of
the connection. The results indicated that compared to the typical onsite welding methods
to provide the vertical connection between modules, the proposed connection exhibited
similar lateral stiffness and strain distribution and higher energy dissipation. Thus, it had
the potential to replace onsite welding when assembling the modules.
Two steel intermodular connections using steel plates and resilient layers were proposed
by Sendanayake et al. (2019) (Figure 2.11 (b)). The connections were developed to shift
the area of failure from the columns, which is where failure is typically found in modular
construction, to the connection. It aimed to facilitate the dissipation of seismic energy to
achieve a ductile mechanism of failure. The system was tested under monotonic and
cyclic lateral loading using finite element analysis. It was found that the proposed
connections have a better dynamic performance compared to typical modular
connections.
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(a) Post-tensioned threaded rod

(b) Steel plates and resilient layers

Figure 2.11: Steel connections
(Sanches et al., 2018; Sendanayake et al., 2019)

2.6.1 VectorBloc Connector

Figure 2.12 : VectorBloc connector
(Dhanapal et al., 2019)
(Dhanapal et al., 2019, 2020)) studied the performance of a modular connection that uses
a cast steel connector called the VectorBloc connector. This connector provides both the
beam-column connection within a module and the inter-modular connection between
modules. The VectorBloc connector consisted of different components including an
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upper bloc and lower bloc, a gusset plate, socket head cap screws, flat head cap screws,
and a registration pin. The VectorBloc connector in this study worked with modules that
were made from thin-walled HSS tubes. The columns of these modules were square fourinch HSS members while the floor and ceiling beams were 3 in x 8 in (76.2 mm x 203.2
mm) and 3 in x 3 in (76.2 mm x 76.2 mm) HSS members, respectively.
A typical corner connection, as shown in Figure 2.12, was studied under uniaxial and
biaxial bending, and axial tension and compression loads. Both experimental and
numerical methods using finite element analysis were used to perform the study. It was
concluded that the connection was able to withstand the design loads of a mid-rise
building project that was in development. The connection could be considered a rigid
connection and sufficient bracing against horizontal displacement is needed in the
building along with the connection. A parametric study was conducted on the connection
using finite element analysis and it was found that the location of the screws impacted the
tensile capacity and stiffness of the connection. The failure mode of the connection under
tension was found to be brittle due to the sudden rupture of the screws, while the failure
mode under compression loads was ductile in nature due to inelastic global buckling. In
addition, it was recommended to improve the design of the connection to ensure the
ductile failure of the connection when subjected to tensile loads.

2.7 Summary
Modular construction provides a solution to many of the drawbacks and criticisms that
are faced by traditional onsite construction practices. From the negative impacts on the
environment, quality control issues, and long on-site construction times that often
accompany traditional construction projects, modular construction offers an alternative
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method of construction that streamlines the building process while reducing or
eliminating these issues. Methods of modular construction can vary from the materials
used, the load transfer mechanism of the modules, and the method of connection. Steel is
typically the favoured material for applying modular construction to high-rise buildings.
Many different types of modular connections have been researched thus far, with each
aiming to address different issues faced by their accompanying construction methods.
Common problems and goals were found throughout the various research on modular
connections that have been discussed in this review. Due to the complex nature of
modular connections, much focus has been placed on studying the connection under
different loading conditions in order to develop an understanding of its behaviour and
capacity. Developing connection methods that ease the onsite installation process of
modules is a common goal that has been found throughout the research that has been
discussed, with all of the proposed connections requiring no onsite welding.
Previous research on the VectorBloc connection, which is the topic of this research paper,
evaluates the performance of the connection under various loading conditions. The
research evaluated the connection under design loads of a mid-rise building project that
was in development, and it was found to be able to successfully undertake them.
However, the mode of failure of the connection under tension was found to be brittle,
making it unsuitable for application to buildings where the connection would experience
high uplift forces. Possible solutions to this issue include making changes to the geometry
of the connection. Thus, further research is needed on the connection to determine what is
required to increase its uplift capacity.
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CHAPTER 3
DEVELOPMENT OF FINITE ELEMENT MODELS

3.1 General
Experimental testing is a well-established method in the field of engineering research for
studying the behaviour of complex structures such as the VectorBloc connector and the
beam-column and column-column connections made with the VectorBloc connectors. It
is expensive and time-consuming, however, and thus is not a feasible method of
conducting an extensive parametric study with different load cases and other parameters.
Numerical models provide an effective alternative method for examining the different
parametric and loading combinations. In addition, finite element (FE) models provide
information that experimental methods cannot such as stress contours, location of
maximum stress, and conditions of plastic strain initiation. As the design of the VB6
connector (a new and larger VectorBloc connector under development) is still in its
preliminary stages, the results from the numerical study can be used to provide insight
into the requirements of the setup for future experimental testing and finalizing the details
of the VB6 connector. The purpose of this chapter is to discuss the details considered and
techniques used when developing the FE models for examining the VB6 connector under
different loading conditions using ABAQUS/Standard Version 6.14 (Abaqus/CAE User’s
Guide, n.d.).

3.2 Material Properties
The testing of coupon specimens for the VectorBloc, gusset plate, HSS, and SHCS was
previously conducted for a research project on the VB4 connector. The results from these
tests were analyzed and verified for input into ABAQUS. As the same type of material is
used for the VB6 connector, the previous results applied to this study and thus, were used
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in the models for this research. Previous works did not include the material properties of
the registration pin, however, and thus further testing was required to determine them for
this study. The process of analyzing and validating the material properties of the
registration pin is outlined in sections 3.2.1 to 3.2.3 of this chapter. Steel is a ductile
material and has a nearly identical initial elastic portion of stress-strain curves in tension
and compression. Even after large amounts of deformation, the curves can still concur if
the plot is of the true stresses and strains instead of the nominal stresses and strains
(Dowling, 2013). Due to this, the material properties defined for the models in this study
were obtained only from the results of uniaxial tension (coupon) tests, and no tests were
conducted on the materials under compression.

3.2.1 Tensile Coupon Test
Three tension coupon specimens were prepared from the material of the registration pin.
The specimens were all developed and tested in accordance with the ASTM E8/E8M
standard (E28 Committee, 2021). Quasi-static material properties were obtained from the
mechanical testing of these coupons using the MTS Universal Testing Machine at the
University of Windsor. The same method was used to determine the material properties
of the VectorBloc, gusset plate, HSS, and SHCS. The results from the uniaxial tension
tests included the axial deformation of the coupon specimen and corresponding load and
the nominal or engineering stresses and strains were calculated from these results.
The nominal (engineering) stresses and strains are calculated based on the assumption
that the cross-sectional area of the specimen remains unchanged throughout the loading
and deformation process of the test. Figure 3.2 shows the nominal stress-strain curve
obtained from all three registration pin material coupon tests. It can be found from this
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figure that the results of the tests are in good agreement with each other and thus the
results from Test 1 were chosen for subsequent analysis.

Figure 3.1: Registration Pin Stress-Strain Curve
From the engineering stress-strain curves, the following information was extracted: the
yield strength (𝜎y), Young’s modulus (E), and ultimate tensile strength (𝜎uts). The yield
strength is the stress at which the material begins to deform plastically and is
characterized on the engineering stress-strain curves as the point at which the curve
begins to show nonlinearity. For materials that have a gradual progression into non-linear
behaviour, the general practice to determine the yield strength is to take the 0.2% offset
yield strength. The 0.2% yield strength is the stress required to cause plastic deformation
of 0.2% in the material and is determined by drawing a line parallel to the linear portion
of the curve beginning at 0.2% strain. Young’s modulus is a quantity that measures the
tensile stiffness of a solid material. It is determined by calculating the slope of the linear
portion of the engineering stress-strain curve. The ultimate tensile stress is the maximum
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stress a material is able to resist and is the stress at the highest point of the engineering
stress-strain curve. The material properties obtained from the tension coupon test of the
registration pin material along with those previously determined are shown in Table 3.1.
Table 3.1: Material properties
Property
Material

Modulus of
Elasticity (E)
(MPa)

Yield Strength
(𝜎y) (MPa)

Ultimate Tensile
Stress (𝜎uts)
(MPa)

VectorBloc

197500

337

559

Gusset plate

197246

355

555

HSS

200000

359

553

SHCS

202959

1055

1291

Registration pin

213629

441

480

3.2.2 Analysis of Material Properties for ABAQUS
The elastoplastic response of materials is described by mathematical relationships from
the plasticity theory. A rate-independent plasticity theory, where plastic strains are
assumed to progress independent of time, can be defined with a yield criterion, flow rule,
and hardening rule. The yield criterion is used to determine the level of stress at which
the material begins to yield. The flow rule establishes the direction of the plastic strain.
Finally, the hardening rule describes the way the yield surface changes (evolves) with
plastic deformation and establishes the conditions for subsequent yielding. All of the
models in this study used an elastic-plastic material definition. This definition is based on
the Von Mises yield criterion with the associated flow and isotropic strain hardening.
ABAQUS estimates the plastic engineering stress-strain behaviour based on the true
stress (𝜎true) and true plastic strain (εplastic) of the material. Unlike the engineering stress
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(𝜎nom) and strain (εnom), which is based on the initial cross-sectional area (A0) and initial
length (l0) of the specimen, respectively, the true stresses and true strains (εtrue) are
determined based on the instantaneous cross-sectional area (A) and instant length (l),
respectively. The true stress and true strains can be determined from the engineering
stress and engineering strain by assuming that the volume of the specimen remains
constant throughout the loading process. The relationships and equations used to convert
the engineering stress and strain to the true stress and strain are shown in the equations
below. In ABAQUS, the plastic material data is input based on the true yield stress (𝜎true)
as a function of the true plastic strain (εplastic). True plastic strain is determined by
removing the elastic component (εelastic) from the true train.

𝜎𝑡𝑟𝑢𝑒 =

𝐹
𝐹 𝑙
𝑙
=
= 𝜎𝑛𝑜𝑚 ( )
𝐴 𝐴0 𝑙0
𝑙0

(3.1)

𝑙 − 𝑙0
𝑙
= −1
𝑙0
𝑙0

(3.2)

ε𝑛𝑜𝑚 =

(3.3)

𝜎𝑡𝑟𝑢𝑒 = 𝜎𝑛𝑜𝑚 (1 + 𝜀𝑛𝑜𝑚 )
𝑙

𝑑𝑙
𝑙
= 𝑙𝑛 ( )
𝑙0
𝑙0 𝑙

(3.4)

ε𝑡𝑟𝑢𝑒 = ∫

𝑙 = 𝑙0 (1 + 𝜀𝑛𝑜𝑚 )

(3.5)

ε𝑡𝑟𝑢𝑒 = ln(1 + ε𝑛𝑜𝑚 )

(3.6)

𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐 = 𝜀𝑡𝑟𝑢𝑒 − 𝜀𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 𝜀𝑡𝑟𝑢𝑒 −

𝜎𝑡𝑟𝑢𝑒
𝐸

(3.7)

These relationships are only valid up until the onset of necking. Necking occurs when the
specimen begins to experience non-uniform deformation and is characterized by a local
decrease in the cross-sectional area of the specimen. It starts when the engineering stressstrain plot reaches a maximum, which coincides with the maximum load applied to the
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specimen. When necking occurs, the portion of the specimen that undergoes the necking
experiences a state of triaxial stress. This causes voids to form in the material, which
changes the volume of the specimen. As the above equations assume a constant volume
of the specimen, this change in volume renders them invalid for application during
necking.
Table 3.2: True stresses and plastic strains
VectorBloc
True
Stress
(N/mm2)

Plastic
Strain

344.9
408.4
472.9
527.7
561.0
586.2
606.0
621.4
632.7
637.5

0.000
0.019
0.032
0.048
0.063
0.077
0.092
0.107
0.122
0.139

Gusset plate
True
Stress
(N/mm2)

Plastic
Strain

364.0
446.4
503.7
544.2
574.0
596.9
615.5
630.7
643.7
654.1
659.6

0.000
0.024
0.040
0.056
0.073
0.091
0.109
0.127
0.145
0.164
0.183

HSS

SHCS

True
Stress
(N/mm2)

Plastic
Strain

360.5
433.1
499.5
545.1
561.1
566.4
570.0
572.5
574.7
576.1
576.9
577.0

0.000
0.001
0.002
0.005
0.012
0.020
0.029
0.039
0.048
0.058
0.067
0.068

True
Stress
(N/mm2)

Plastic
Strain

1060.8
1104.9
1147.3
1186.5
1220.9
1250.7
1275.1
1295.2
1311.8
1325.2
1332.6

0.000
0.000
0.000
0.001
0.002
0.004
0.007
0.011
0.016
0.021
0.027

Registration
Pin
True
Stress
(N/mm2)

Plastic
Strain

442.6
470.6
477.1
481.9
486.2
489.6
492.6
495.3
497.6
499.9

0.000
0.005
0.010
0.014
0.018
0.022
0.026
0.030
0.034
0.039

The purpose of this research is to conduct a preliminary study of the VB6 connection for
future application to modular buildings. As the design of these buildings will not load the
connection beyond its ultimate capacity, it was deemed unnecessary to model the
connection beyond this point. Thus, the materials were modeled only to the point where
necking began to occur. Furthermore, the behaviour of the connection after the ultimate
capacity is reached is planned to be examined from experimental testing to be conducted
in the future. The true stresses and plastic strains calculated for different components of
the VectorBloc connection for use in ABAQUS can be seen in Table 3.2.
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3.2.3 Material Property Validation
As mentioned in section 3.2, the material properties for all the components of the
VectorBloc connection aside from the registration pin were already validated in a
previous study (Dhanapal, 2019). Thus, this section will cover the material property
validation of the registration pin only. A FE model was developed using ABAQUS to
simulate the tensile test conducted on the registration pin specimen.
The geometry of the coupon specimen was modeled using the C3D10 element type. This
element is a ten-node general-purpose tetrahedral (solid) element with four integration
points. It is well suited for modeling complex geometries and was a better fit for the
rounded shape of the specimen compared to the hexahedral-shaped elements. The coupon
specimen was meshed using a global seed size of 3.5 mm. An image of the meshed
coupon specimen can be found in Figure 3.2.

Figure 3.2: Registration pin coupon mesh
The gauge length of 50 mm was modeled by partitioning the specimen at 25 mm offsets
on either side of the cross-section at the center of the specimen. Introducing these
partitions ensured that nodes existed exactly 50 mm apart on either side of the gauge.
This allowed for a direct strain comparison from the relative displacements of the nodes
to the 50 mm extensometer used during the experimental tests.
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Two reference points, RP1 and RP2, were placed along the longitudinal axis of the
specimen at an offset from the specimen ends. These reference points were kinematically
coupled to the grip regions of the specimen. Kinematic coupling ensures that the
constraints applied to the control point (the reference point), are also applied to all the
nodes of the region it is coupled to, in this case, the grip region. A fixed boundary
condition, where all translational and rotational degrees of freedom were restrained to
zero (𝑢1 = 𝑢2 = 𝑢3 = 𝜃1 = 𝜃2 = 𝜃3 =0), was applied to RP2. RP1 was given similar
restraints, however, a displacement controlled tensile load was applied in the longitudinal
y-direction (𝑢3) (hence, u3 was free) to simulate the tensile load applied to the coupon
during the experimental test. The coupon specimen with the reference points and gauge
length partitions are shown in Figure 3.3.
Gauge length
Partition

RP2

RP1

Figure 3.3: Registration pin coupon partition
The results from the experimental coupon tests along with the results from the simulated
model analysis are shown in Figure 3.4. It can be found from this figure that the results
from the experimental tests and FEA results are in good agreement with each other. Thus,
it can be concluded that the defined material model used in the FE model is appropriate
for use in modeling the VB6 connection.
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Figure 3.4: Experimental and FEA results of registration pin coupon test

3.3 VB6 Corner Connector
All of the models in this study contain the VB6 corner (90°) connector. Additional
components were added to the connector in the models depending on the type of loading
that was to be applied. To maintain consistency between the models, the same methods
were used in all the models to simulate the connector. This section provides a detailed
description of the VB6 connector, and the methods used to model it.

Figure 3.5: VB6 lower and upper Bloc
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3.3.1 Geometry
The geometry of the VB6 connector, particularly that of the upper and lower blocs, is
very complex and difficult to model directly using ABAQUS’s part modeling module.
The geometry of the upper and lower blocs of the VB6 connector that is being researched
in this study was developed by Z-Modular using the solid modeling software SolidWorks
(Introducing Solidworks, n.d.). ABAQUS and SolidWorks were both developed by same
company Dassault Systèmes and multiple file formats are compatible with both software.
The STEP file type, which is a 3D model file, is supported by both ABAQUS and
SolidWorks. Thus, the developed SolidWorks models of the upper and lower blocs were
exported as STEP files and imported into the ABAQUS interface for use in the models.
The upper and lower blocs of the VB6 connector along with its overall dimensions are
shown in Figure 3.6.

Figure 3.6: SHCS, gusset plate, and registration Pin
The SHCS, gusset plate, and registration pin have simple geometries and thus, were
modeled directly using the part modeling tools in ABAQUS. Partitions were created in
these parts to distinguish the specific areas that are in or may come in contact with other
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parts. The SHCSs were partitioned into three different sections, with one being the areas
of possible contact with the lower bloc, one for possible contact with the gusset plate, and
the last for contact with the upper bloc. The gusset plate was partitioned to separate the
area of contact with the upper and lower blocs. In addition, partitions around the holes for
the registration pin and SHCSs were created to minimize errors in the mesh. The
registration pin was partitioned to separate the sections of possible contact with the lower
bloc, the gusset plate, and the upper bloc. The modeled SHCS, gusset plate, and
registration with their partitions can be found in Figure 3.6. The flat head cap screws
were not modeled in this study to simplify the modeling process and reduce the overall
number of elements in the model. This was done in previous studies of the VectorBloc as
well (Dhanapal et al., 2019) and it was shown that its absence did not affect the accuracy
of the model. The steps taken to mitigate the flat head cap screws’ absence in the model
are discussed in section 3.3.4 of this chapter. All of the parts, including the upper and
lower bloc, were modeled with a 3D deformable part setting. This setting characterizes a
part that can deform under load and can be applied to any arbitrary 2D or 3D shape.

3.3.2 Elements and Meshing
ABAQUS places nodes on all edges and corners of a part during the meshing process.
The imported models of the upper and lower blocs had many fine edges that created
small regions or slivers in the model. This greatly impacts the mesh density of the part, as
it forces nodes to exist very close together. The virtual topology toolset was used to
manipulate the faces of the models to create a simplified form for the purpose of
meshing. This toolset allowed for the removal of small details by combing small faces
with adjacent faces and small edges with neighboring edges. In addition, this tool was
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also used to ignore edges and nodes that were deemed redundant. Figure 3.7 shows a
corner of the lower bloc before and after the application of virtual topology.

Figure 3.7: Before and after virtual topology
The C3D10 solid element, the same element type used in the validation of the registration
pin material properties, was used for all the parts in the VB6 connector. This element
type is well suited for modeling complex geometries such as that of the VectorBloc
connector and produced fewer warnings in the mesh compared to the hexahedral-shaped
elements.
Seeds in ABAQUS are markers that are placed along the edges in a part to indicate a
target mesh density in that area. The seed size was chosen to reflect the size of the
individual part and ensure that the resulting mesh had zero errors and minimal warnings.
The global seed refers to the overall seed size that is applied to every edge of the part that
does not have a local seed size defined. Local seeding is used to control the mesh density
of a specific region. Local seeding was used to refine the mesh in complex areas to create
a better fit, as well as control the mesh size of regions that were a part of contact or tie
pairs, which will be discussed in Section 3.3.4. A mesh convergence study was
performed to ensure the adequacy of the mesh density. The global seed size used in each
part is outlined in Table 3.3.
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Table 3.3: VB6 global seed sizes
Part
Upper bloc
Lower bloc
Gusset Plate
SHCS
Registration Pin

Global Seed Size (mm)
20
20
15
6
10

3.3.3 Assembly
Each component of the VB6 connector was introduced into the assembly module of
ABAQUS as dependent instances. A dependent instance is linked to the original part that
was created or imported into the part module. Any changes in geometry or mesh that are
made to the original part are reflected in the dependent instance in the assembly. The
parts were assembled using the position constraint tools in the assembly module. Using
position constraints defines a link between two parts of an assembly, where one part is
movable and the other is fixed. The position of the movable part is defined relative to that
of the fixed. Having all of the parts assembled using position constraints ensures that they
are in proper alignment and prevents accidental movement of the parts. The assembled
VB6 connector can be seen in Figure 3.8.
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Figure 3.8: Meshed and Unmeshed Assembled VB6 Connector

3.3.4 Interactions and Constraints
Surface to surface frictionless hard contact interactions was used between all faces where
contact occurs or has a possibility of occurring during the loading process. In contact
pairs, one surface is selected as the master surface and the other as a slave surface. It was
ensured that for every contact pair, the surface selected as the master contained a courser
or larger mesh than that of the slave. This was done in order to achieve a better contact
simulation. The contact pairs and corresponding mesh sizes used in the model of the VB6
connector are shown in Table 3.4.
Table 3.4: VB6 contact pairs
Master Surface
Part
Mesh Size (mm)
Lower bloc
20
Lower bloc
15
Lower bloc
15
Gusset plate
15
Gusset plate
15

Slave Surface
Part
Mesh Size (mm)
Gusset plate
10
Registration pin
10
SHCS
10
Registration pin
10
SHCS
10

Surface-to-surface tie constraints was used to model the threaded connection between the
SHCSs and the upper bloc. A tie constraint was also used to directly connect the gusset
plate to the upper bloc. In reality, flat head cap screws would be used to connect these
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parts. As the primary purpose of the flat head cap screws is to connect the gusset plate to
the upper bloc, this approach serves the same purpose while reducing the number of
elements in the model. Furthermore, this method was also used in a previous study of the
VectorBloc connection and it was found to not affect the accuracy of the model
(Dhanapal et al., 2019, 2020). Thus, it was adopted in this study as well. Similar to
contact interactions, tie pairs also require a master and slave definition of their surfaces
and perform better if the master surface has a courser mesh. The tie pairs and
corresponding mesh sizes used in the model are shown in Table 3.5.
Table 3.5: VB6 tie pairs
Master Surface
Part
Mesh Size (mm)
Upper bloc
15
Upper bloc
15
Upper bloc
20

Slave Surface
Part
Mesh Size (mm)
SHCS
10
Registration pin
10
Gusset plate
15

3.4 Models
Table 3.6: FE model configurations
Model
Short Single Column Model
Long Single Column Model
Bundle Column Model
Lateral Shear Model
Bending Model

Load Type (s)
Axial Tension
Axial Compression
Axial Compression
Axial Tension
Axial Compression
Lateral Shear
Uniaxial Bending
Biaxial Bending

This section will provide an overview of the different model configurations developed for
each loading type. The different model configurations and the respective types of loading
they were subjected to are outlined in Table 3.6. The designs of all the models were
developed based on existing experimental test setups developed for the study of the
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previous VB4 connection. They reflect the expected conditions of future experimental
test setups for the VB6 connection. The setup of the models remained consistent
throughout the parametric study, with only the VectorBloc corner connector being
changed to reflect the different parametric combinations.

3.4.1 Axial Load Models
3.4.1.1 Short Single Column Model
Short single-column models were developed and used for both axial tension and axial
compression testing. All the models were composed of the VB6 corner connector (90°)
assembly and an upper and lower column. The upper and lower columns were modeled
as a dependent instance to represent a five-inch (127 mm) long 6”x6”x5/8” HSS section
welded to a two-inch (50.8 mm) thick 6”x6” (152.4 mm x 152.4 mm) steel plate on one
end and four half-inch (12.7 mm) thick steel plates on the sides. The design of the column
was chosen to reflect the column configuration of experimental tension tests previously
performed on the smaller VB4 corner connector. The columns were assigned a 10-node
quadratic tetrahedral (C3D10) solid element type. A surface-to-surface tie constraint was
used to model the all-around welded connection between the upper column to the lower
bloc and the lower column to the upper bloc.
The ends of the columns were kinematically coupled to reference points offset from the
center of the column end. The lower reference point was assigned a fixed support while
the upper reference point was fixed in all directions apart from the y-direction. An
upward displacement was applied on the upper reference point to apply tension loads to
the model, while a downward displacement was used to apply compression loads. The
short single column assembly can be seen in Figure 3.9 (a).
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Upper Reference Point

Upper Reference Point
Upper Column
Upper Column

VB6 Corner
Connector

VB6 Corner
Connector

Lower Column

Lower Column
Lower Reference Point

Lower Reference Point

(b) Long single column model

(a) Short single column model

Figure 3.9: Single column models

3.4.1.2 Long Single Column Model
Long single-column FE models were developed and used for determining the behaviour
under axial compression. The purpose of developing a long column model for
compression testing was to directly compare the connection’s performance with the
bundle column model, which uses long columns. In addition, it was anticipated that the
compressive capacity of the connection would be governed by the capacity of the
columns, and the long column model could be used to confirm this.
Similar to the short column FE model, all the long column models were composed of the
VB6 corner connector assembly and an upper and lower column. The columns were
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modeled to represent a 22 inch (558.8 mm) long 6”x6”x5/8” HSS section welded to a
two-inch (50.8 mm) thick 6”x6” (152.4 mm x 152.4 mm) steel plate on one end and four
half-inch (12.7 mm) thick steel plates on the sides. The C3D10 element type was
assigned to the columns and surface-to-surface tie constraints were used to model the
welded connection between the columns and the VectorBloc connector. The column ends
were kinematically coupled to reference points located at an offset from the column ends.
The lower reference point was fixed in translation and rotation in all directions while the
upper reference point was fixed in all directions apart from the y-direction. A downward
displacement was applied to the upper reference point to apply compression loads to the
model. The long single-column model can be seen in Figure 3.10 (b).

3.4.1.3 Bundle Column Model
The concept of bundling multiple columns together was introduced in an attempt to
increase the uplift capacity of the previous VB4 connector. As the primary purpose of
this research is redesigning the VectorBloc connector to increase its uplift capacity, the
effect of the new design on bundle columns was studied as well. The bundle column
model configuration was subjected to both axial tension and axial compression loads. The
model contained the VB6 corner connector configuration with three additional columns
added. The three columns were modeled as separate parts and the center column was
modeled to represent a 22 inch (558.8 mm) long 6”x6”x5/8” HSS section with two halfinch (12.7 mm) thick plates on adjacent sides. The additional two columns that are
bundled on either side of the center column were modeled as identical mirror opposites of
each other. Like the center column, these columns were also modeled as 6”x6”x5/8” HSS
sections with half-inch plates on the sides. However, they were 23 inches (584.2 mm)
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long, 1 in (25.4 mm) longer than the center column, to accommodate for the additional
length needed to reach the lower bloc, as shown in Figure 3.11. A rectangular cut was
made on one side of the columns to model the access hole required to insert the SHCSs
through the VectorBloc connection. A surface-to-surface tie constraint was used to
model the all-around welded connection between the upper bundle columns to the lower
bloc and lower bundle columns to the upper bloc. The ends of the bundle columns were
capped with a two-inch-thick steel plate shaped to encompass all three columns. Details
of the bundle column model and its front and back view can be seen in Figure 3.10.
Upper Reference
Point

Steel Plate

Upper Center
Column

Upper Bundle
Columns

1 in (25.4 mm) length
difference between
center column and
bundle column

VB6 Corner
Connector

Lower Center
Column

Lower Bundle
Columns

Steel Plate
Lower Reference
Point

(a) Front

(b) Back
Figure 3.10: Bundle column model
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Surface-to-surface frictionless hard contact interaction was used between the faces of
contact between the columns. Like the previous models, the ends of the columns were
kinematically coupled to reference points offset from the center of the column end. The
lower reference point was given a fixed boundary condition while the upper reference
point was fixed in all directions apart from the y-direction. An upward displacement was
applied on the upper reference point to apply tension loads to the model, while a
downward displacement was used to apply compression loads. Hence, axial loads were
applied using displacements.

3.4.3 Lateral Shear Model
An experimental setup had previously been developed to test the VB4 connector under
lateral shear loads. The setup to study the VB6 connection under lateral shear loads was
modeled from this design and can be found in Figure 3.12 (a). This model consisted of
the VB6 corner connector, two one-inch (25.4 mm) thick side plates, a 4 5/8” thick
(114.5 mm) bottom plate, a 14 inch (355.6 mm) long 6”x6”x5/8” HSS column, four long
screws, and a hold down part made from HSS members. The bottom plate was assigned a
fully fixed support and the HSS column rested between its top face and the bottom face
of the HSS hold down. The HSS hold down rested on top of the HSS column and long
screws ran through it and connected into holes in the bottom plate. The threaded
connections between the screws and the bottom plate were modeled using surface to
surface tie constraints. The end of the HSS column was tied to the upper bloc of the VB6
connector to model the welded connection between the column and VectorBloc. The two
side plates were tied to either side of the bottom plate to model the screw connection
between them. The side plates were placed to act as guards to prevent lateral
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displacement of the VectorBloc in the x-direction during loading. The upper bloc portion
of the VB6 connector rested on the bottom plate and against the side of the HSS hold
down. Loading was to be applied to the face of the lower bloc where the floor beam
would typically be. All locations of contact between parts were modeled using surface-tosurface frictionless hard contact interactions. Due to the complexity of this model, the
running time required to complete its analysis was very high and thus a simplified model
was adopted instead.
Load

Long Screws
HSS Hold Down

VB6 Corner
Connector

Column
Bottom
Plate

Side Plate

(a) Complex lateral shear model
RP1
Simplified Hold Down

VB6 Corner
Connector

Column

RP2

Bottom
Plate

RP3

Side Plate

(b) Simplified lateral shear model
Figure 3.11: Shear model
The simplified model consisted of the VB6 corner connector, two one-inch (25.4 mm)
thick side plates, a 4 5/8” thick (14.29 mm) bottom plate, a 14 inch (355.6 mm) long
6”x6”x5/8” HSS column, and an L shaped hold down angle replacing the HSS hold down
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from the initial complex model. The simplified model can be seen in Figure 3.12 (b). The
ties and contacts were modeled identically to that of the complex model. The bottom
plate was kinematically coupled to a reference point (RP3) with fixed boundary
conditions located below. The loading face was kinematically coupled to a reference
point (RP1) located at an offset from its center. RP1 was restrained in rotation about the y
axis and restrained in translation in the x and z directions. A vertical downward
displacement was applied to this reference point to apply the shear load to the connection.
The column face of the lower bloc was kinematically coupled to a reference point (RP2)
located at a four-inch offset from it. RP2 was restrained in rotation about the z-direction.
This was done to stabilize the model and prevent rotation of the VectorBloc. The
simplified hold down was assigned a fixed boundary condition. This provided support to
restrain the HSS column from lifting and the upper bloc from sliding during the loading
process. The results from both models were compared to ensure that the modifications
made to the simplified model did not affect the results in the performance of the
VectorBloc.

3.4.4 Bending Model
Bending models were developed to study the VB6 connection under uniaxial and biaxial
bending loads. The developed model is shown in Figure 3.13. The model consisted of the
VB6 corner connector, an upper column, a lower column, two floor beams, and two
ceiling beams. The columns were modeled as 10 inch (254 mm) long 6”x6”x5/8” HSS
sections with a two-inch (50.8 mm) thick steel plate on one end. The floor beams were
modeled as 50 inch (1270 mm) long 4”x12”1/2” HSS sections. The ceiling beams were
modeled as 48 inch (1219 mm) long 4”x6”x3/8” HSS sections. Surface to surface tie
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constraints were used to model the all-around welded connections between VectorBloc
and the columns and beams. The top and bottom columns were restrained in translation in
all directions and restrained in rotation about the y axis. One inch (25.4 mm) thick steel
plates were placed on the upper face of the floor beam. This was done to provide a
uniform surface for the bending to be applied to the floor beam. The plates on the floor
beams were kinematically coupled to reference points (RP3 and RP4). A downward
displacement was applied to these reference points to apply the bending load to the
connection. The displacement was applied to RP4 only for uniaxial bending and
simultaneously to both RP3 and RP4 for biaxial bending. A steel plate was modeled
between the floor beam and the ceiling beam to ensure contact between the two and allow
the displacement applied to the floor beam to transfer to the ceiling beam as well.
RP1

Upper column
RP3

RP4

Left floor
beam

Right floor
beam

Left ceiling
beam

Right ceiling
beam
Lower column

RP2

Figure 3.12: Bending model
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CHAPTER 4
PARAMETRIC STUDY

4.1 Overview
A parametric study was conducted on the VB6 connection in order to determine the ideal
factors to maximize its uplift capacity. It was noted from previous studies of the
VectorBloc connection that the structural performance of the connection under axial
tension is influenced by the SHCSs, which provide the vertical connection between the
upper and lower modules. Thus, the parameters selected to evaluate the uplift capacity of
the connection were related to the SHCSs and the parameters are the location and
diameter of the SHCS. Three different values were considered for each parameter as
shown in Table 4.1. The locations of the SHCSs listed in this table are presented as
distances from the center of the column section of the VectorBloc, as shown in Figure
4.1. The parametric study was conducted on the VB6 connection under axial tension
loads. This study was conducted on the VB6 connection with a single column as well as
the connection with bundle columns. The naming of the finite element (FE) models
discussed in this chapter follows the following nomenclature: model type-load typediameter-location. The notations used for each component of the FE model name are
shown in Table 4.2. For example, a short single column (SSC) model under compression
(C) with a SHCS diameter of 1.25 inch (31.75 mm) (1.25D) located 5 in (127 mm) away
from the column center (5L) is denoted as SSC-C-1.25D-5L.

51

Table 4.1: Parameter summary
Parameter
Socket Head Cap Screw Diameter
Socket Head Cap Screw Location

Values mm (in)
31.75 (1.25), 38.10 (1.50), 44.45 (1.75)
127.00 (5), 152.40 (6), 177.80 (7)

Figure 4.1: SHCS locations
Table 4.2: FE model notations
Model
Type
Notation
Short Single
SSC
Column
Long Single
LSC
Column
Bundle
BC
Column

Load
Type

Notation

Tension

T

SHCS Diameter
Type Notation
1.25
1.25D
in
1.50
1.50D
in
1.75
1.75D
in

SHCS Location
Type Notation
5 in

5L

6 in

6L

7 in

7L

As this study contains only a numerical analysis, there was no experimental testing data
of the VB6 connection from which to directly establish a failure criterion for the models.
However, the expected general behaviour of the connection under tension loads can be
predicted from the results of previous tests performed on the VB4 connection. The
previous experimental study (Dhanapal, 2019) observed that the failure of the connection
under experimental axial tension loads occurred due to rupture of the SHCSs. Subsequent
FE analysis found that the value of the equivalent plastic strain (PEEQ) was 8.8% at 95%
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of the observed failure load (Dhanapal, 2019). The FE models subjected to axial tension
loads in the current study exhibited similar behaviour to this previous research. Thus, a
PEEQ value of 8.8% in the SHCSs was considered as the failure in the FE models of the
current study.

4.2 Single Column Tension

(a) 1.25 in (31.75mm) diameter SHCS

(b) 1.50 in (38.1 mm) diameter SHCS

(c) 1.75 in (44.45 mm) diameter SHCS

Figure 4.2: Single column axial tension load-displacement plot

Nine FE models corresponding to the different parametric combinations (3 SHCS
locations x 3 SHCS diameters) were developed and analyzed to study the behaviour of
VB6 connection in the single-column model under axial tension loads. The applied
tension load was primarily resisted by the SHCSs. The axial load-displacement plots for
the 1.25 in (31.75 mm), 1.50 in (38.1 mm), and 1.75 in (44.45 mm) diameter SHCS
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models are presented in Figure 4.2 (a), (b), and (c), respectively. Each of these figures
shows the results for the screws in all three different locations. It can be observed from
these plots that the tensile capacity and stiffness of the connection were affected by the
position of the SHCSs. As the SHCSs were placed farther away, the capacity decreased.
This occurred because of the eccentricity between the SHCSs and the axial load. As the
distance (L) between the SHCSs and column decreases, so does the eccentricity and
hence, the capacity increases. For example, the SSC-T-1.50D-6L model had an ultimate
load capacity of 1123 kN, while the SSC-T-1.50D-7L model had a ultimate load capacity
of 884 kN. A higher eccentricity caused a higher bending moment to develop in addition
to the tension loads in the SHCSs. It was found that the ultimate load capacity of the
connection decreased as the position of the SHCSs grew further from the columns, with a
20% load capacity reduction observed between each subsequent position.

Figure 4.3: Short single column axial tension SHCS diameter comparison
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As expected, it was found that the diameter of the SHCSs also affected the tensile
capacity and stiffness of the connection. A comparison of the different SHCS diameters
at the 6L location is shown in Figure 4.3 and it can be observed that the as the diameter of
SHCS increased, the stiffness and the tensile capacity of the connection also increased.
The same behaviours were also observed for connections with all three locations. Due to
the eccentricity of the SHCSs, there was a relative rotation between the blocs causing
separation on one side and bearing on the other, as shown in Figure 4.4 (a). The initial
occurrence of plastic deformation, which is characterized by the introduction of nonzero
PEEQ values, was observed at the corners of the lower bloc on the bearing side in all the
models, as shown in Figure 4.5. The separation between the blocs grew as the applied
tension load increased. Figure 4.4 (b) shows the bloc separation behaviour of the models
with 1.50 in (38.1 mm) diameter SHCSs in the different positions. Similar behaviour was
observed with the 1.25 in (31.75 mm) and 1.75 in (44.45 mm) diameter SHCSs as well. It
can be observed from Figure 4.4 (b) that for the same applied tension load, there was a

Bloc
Separation

Bearing

(a): FE Model

(b) Bloc separation-load plot

Figure 4.4: Single column bloc separation
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larger separation between the blocs the further the SHCSs are from the columns. For
example, at a tension of load of approximately 100 kN, the separations were 0.6 mm,
0.88 mm, and 1.3 mm for the SSC-T-1.50D-5L, SSC-T-1.50D-6L, and SSC-T-1.50D-7L
models, respectively. This was also due to the eccentricity of the screws to the point of
loading. Since the SHCSs are what clamp the blocs together vertically, the separation
increases with the eccentricity of the screws. Comparing the bloc separation behaviour of
the models with the same SHCS position but different diameters, it was found that the
larger diameters provided a stronger resistance to the separation. For example, at a load
of approximately 300 kN, the SSC-T-1.25D-6L, SSC-T-1.50D-6L, SSC-T-1.75D-6L
models had bloc separations of 3.5 mm, 2.6 mm, and 2 mm, respectively. However, there
was little distinction between the maximum separation values measured at the ultimate
load of the models in the same SHCS positions.

Locations of
initial plastic
strain

Figure 4.5: Initial Plastic Deformation
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5.3 Bundle Column Tension

Figure 4.6: Bundle column centroid
Nine FE models were developed and analyzed for the various parametric combinations to
study the behaviour of the VB6 connection with bundle columns under axial tension
loads. Like with the single-column model, the location of the SHCSs affected the
stiffness and ultimate load capacity of the connection due to the eccentricity between the
locations of the SHCS and the applied load. The stiffness and ultimate load capacity of
the connection were higher the closer the position of the SHCSs were to the column of
the VectorBloc. A 13% improvement in the ultimate capacity was observed in the 6L
models compared to the 7L models for all the SHCS diameters. For example, the ultimate
capacity of the BC-T-1.50D-6L and BC-T-1.50D-7L models were 2222 kN and 1965 kN,
respectively. Since the location of the applied load (L) is at the centroid of the column,
there is less eccentricity in the bundle column models compared to the single-column
models due to its centroid being closer to the SHCSs. The reduced eccentricity caused the
SHCSs in the bundle column models to experience less bending moment while resisting
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the applied tension load. The positions of the SHCSs relative to the centroid of the bundle
columns are presented in Figure 4.6.
Figures 4.7 (a), (b), and (c), show the axial load-displacement plots for the 1.25 in
(31.75mm), 1.50 in (38.1 mm), and 1.75 in (44.45 mm) diameter SHCS FE models in all
three locations, respectively. The results from the models with the 5L positions (L = 5
inch or 127 mm) are shown until the maximum load in the model was reached and is
marked as such. In all of the models thus far, a maximum load was reached after which

(a): 1.25 in (31.75 mm) Diameter
Diameter

(b) 1.50 in (38.1 mm) Diameter

(c) 1.75 in (44.45 mm) Diameter
Figure 4.7: Bundle column axial-load displacement plot

the load began to drop with increased displacement. As discussed in section 3.2, the
material properties used in the model are only valid until the maximum load is reached
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under tension, thus the results from the analysis after the maximum load was reached
were neglected. The failure mode of a PEEQ value of 8.8% in the SHCSs, as shown in
Figure 4.8, was reached prior to the maximum load being achieved for all the models
apart from the bundle column models with the 5L SHCS position. This indicates that the
failure in these models occurred elsewhere before the rupture of the SHCS could take
place. This may be due to the eccentricity with the applied load being the lowest at the 5L
position, as can be seen in Figure 4.6. Having the lowest eccentricity means that the
SHCSs in these models were subjected to a lower bending moment compared to the other
positions and thus, able to utilize more of its axial tensile capacity. A possible cause of
failure may be due to plastic deformation at the corners of the lower bloc where bearing
occurred due to bloc separation (Figure 4.5). The PEEQ was highest at this location
during and prior to the maximum load being reached. An experimental study of the
connection is needed to confirm this, however.

Figure 4.8: PEEQ in SHCS
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Bloc separation was also observed in the bundle column FE models, as shown in Figure
4.9. For the same applied tension load, the bloc separation was lower as the position of
the SHCS was the closer to the column centroid. A comparison of the three SHCS
diameters at the 6L location is shown in Figure 4.10, where it can be observed that the
larger SHCS diameters resulted in a higher ultimate load capacity and greater stiffness in
the connection. The larger diameter SHCSs provided stronger resistance to the separation
of the blocs, however, the final separations at their respective ultimate loads were very
similar. Like the single-column models, the initial occurrence of plastic deformation in all
the bundle column models was located at corners of the lower bloc at the bearing side.

Figure 4.9: Bundle column bloc separation
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Figure 4.10: Bundle column axial tension SHCS diameter comparison

5.4 Summary, Comparison, and Discussion
Table 4.3 summarizes the results obtained from the FE analysis of the single column and
bundle column FE models. The ultimate load capacity and maximum bloc separation
from both models are presented and compared. The results from the bundle column FE
models with the SHCSs in the 5L position have been omitted, as the failure criterion used
throughout the parametric study was inapplicable in these models. As discussed
previously, there was not a significant difference in the maximum bloc separation
between FE models of different SHCS diameters at the same location, with the values
being within three millimeters of each other. This was observed for both the singlecolumn FE models and bundle column FE models. The rightmost column of Table 4.3
shows the difference (absolute value) in the maximum bloc separation between a singlecolumn model and its counterpart bundle column model with the same parametric
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combinations. It can be found that for all the parametric combinations, there is a two-tothree-millimeter (7-11 %) reduction in the maximum bloc separation in the bundle
column models compared to the respective single-column models.
Table 4.3: Single column and bundle column comparison
SHCS
Diameter
(in)

1.25

1.5

1.75

SHCS
Position
(in)

Ultimate Load Capacity (kN)
Single
Column

Bundle
Column

930
781
623
1347
1123
885
1810
1502
1165

1519
1334
2222
1965
3013
2670

5
6
7
5
6
7
5
6L
7L

% Increase
from Single
Column
95%
114%
98%
122%
101%
129%

Maximum Bloc Separation
(mm)
Reduction
Single
Bundle
in Bundle
Column Column
Column
17
25
23
2
29
28
2
16
26
24
2
31
28
3
17
28
25
3
32
29
3

It can be seen from Table 4.3 that a significant improvement in the ultimate load capacity
was achieved with the addition of the bundle columns, with the highest improvement
being 129% in the model with the 1.75 in SHCS at the 5 in position. The increase of the
load capacities is due to the reduced eccentricity of the applied load to the SHCSs in the
bundle column system.
The results from the parametric study showed that the parameter combination that
resulted in the highest tensile capacity of the connection was the 1.75 in SHCS located at
the 5 in position. However, other considerations, such as on-site installation, must also be
considered. Hydraulic torque wrenches are used on-site to apply the appropriate amount
of torque to install the SHCSs into the connection. The geometry of the torque wrench is
such that it requires a certain clearance around the SHCS to work properly and apply the
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torque. The 5L position is very close to the interior column face of the bundle column
(See Figure 4.6). The welding required to secure the bundle columns to the connector
further reduces the clearance around the SHCSs. The remaining space around the screw
at the 5 in position may not provide enough clearance for the torque wrench to be used.
Furthermore, a larger torque wrench is required to apply the appropriate amount of torque
to the 1.75 in diameter SHCS, for which there is again not enough space. Thus, to
maximize the uplift capacity while ensuring the design of the VB6 connector is practical
for onsite installation, a 1.50 in diameter SHCS positioned at the 6 in location is
recommended.
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CHAPTER 5
AXIAL COMPRESSION

5.1 Overview
This chapter presents the results of the finite element (FE) analyses conducted on the
VB6 connection (Figure 3.9) subjected to axial compression loads. The analysis was
conducted on the short single-column FE model, long single-column FE model, and
bundle column FE model, and their respective results are compared and discussed. A
parametric study was also performed on the connection under axial compression loads.
However, no major distinction in the performance of the connection was found between
the different parametric combinations. Thus, only the results of the connector with the
1.50 in (38.1 mm) diameter SHCS at the 6L location, which were the parameters chosen
from the study under axial tension, are presented. The ultimate load is considered as the
maximum load achieved by the FE model.

5.2 Single Column Compression
Compression analyses were conducted on both the short column model and the long
column model. The short column VB6 model had the same configuration that was used to
study the connection under axial tensile loading. It was expected that the capacity of the
connection under axial compression loads would be affected by the length of the column.
Thus, studying the behaviour of the connection with short columns provided a way to
determine the axial compression capacity of the VB6 connector itself while reducing the
influence of the column behaviour. Figure 5.1 shows the axial load-displacement results
from the FE analysis from both the short (SSC) and long (LSC) column FE models. It can
be found from this figure that as expected, the short column FE model (SSC) exhibited a
stiffer behaviour and had a higher ultimate load capacity than that of the long column FE
64

Figure 5.1: Single column axial compression load-displacement plot

model (LSC). The initiation of plastic strain in the SSC model occurred in the blocs and
the maximum plastic strains remained in the blocs throughout the loading process,
indicating that is where the failure occurred. The ultimate load capacity of the short
column FE model (SSC) was 4341 kN. The ultimate load achieved in the long column FE
model (LSC) was 3301 kN. This is 24% less than that of the short column model,
confirming that the structural behaviour of column influences the overall compressive
capacity of the connection.
Throughout the loading process in the LSC model, the columns experienced the
maximum stresses. Due to the differences in the geometries between the column and the
blocs, there was an eccentricity of the resultant load between the lower bloc and gusset
plate. This eccentricity caused the blocs and columns to undergo both axial compression
and bending loads, resulting in relative rotation between the blocs. This further resulted
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in non-uniform deformation of the blocs and columns, causing a small separation
between the lower bloc and the gusset plate on the front side of the connection which was
ultimately resisted by the SHCSs. The bloc separation is shown with a scale of 10x for
clarity in Figure 5.2.

Bloc
Separation

Figure 5.2: Bloc separation in LSC model (10x Scale)

The von Mises stress distribution in the long column FE model (LSC) at the ultimate load
is shown in Figure 5.3. It can be observed from this figure that at the ultimate load, the
columns experienced the maximum stresses. The stresses were higher at the back corners,
which was caused by the non-uniform loading due to the eccentricity. After reaching the
maximum load, inelastic buckling of the columns occurred. Further increase in the
applied displacement resulted in the columns experiencing local buckling in their walls.
The PEEQ distribution of the VB6 connection at the ultimate load can be found in Figure
5.4.
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deformation occurred in the columns and blocs where the non-uniform load was
concentrated, as shown by the green regions in Figure 5.4, and continued to increase with
the applied axial displacement.

High stress
at back
corners

(a) Back

(b) Side

Figure 5.3: Long column von Mises stress at ultimate load
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(b) Front

(a) Back
Figure 5.4: Long column PEEQ at ultimate load

5.3 Bundle Column Compression
The axial load-displacement behaviour of the bundle column FE model under axial
compression loads is presented in Figure 5.5. As mentioned previously, no short bundle
column model was developed, since the bundle column geometry requires long columns,
and thus was not studied. The ultimate load capacity of the bundle column FE model was
8304 kN. The difference in the cross-sections between the bundle columns and the blocs
caused an eccentricity in the resultant load between the lower bloc and gusset plate,
which subjected the bundle columns and blocs to both axial compression and bending
loads. Like with the long column model, the non-uniform deformation resulting from this
caused relative rotation between the blocs, causing minor separation between the lower
bloc and gusset plate on the front side of the connection. This separation was resisted by
the SHCSs. Throughout the loading process, the two bundle columns and the walls of the
center column facing the bundle columns experienced the highest stresses, as can be seen
by the red regions in Figure 5.6. This non-uniform distribution of stresses was due to the
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eccentricity of the resultant load. The remaining walls of the center column, specifically
at the outer corners, began to experience increased stresses as the model approached the
ultimate load. After the ultimate load was reached, the bundle columns underwent
inelastic buckling. The initiation of plastic deformation occurred in the bundle columns
and blocs and after the ultimate load was reached, the center column began to experience
plastic deformation as well. The PEEQ was highest at the access cuts of the bundle
column, which is where local buckling in the columns occurred after the ultimate load
was reached, as shown in Figure 5.7.

Figure 5.5: Bundle column axial compression load-displacement plot
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(a) Back

(b) Side

Figure 5.6: Bundle column von Mises stress

Location of local
buckling

(b) Back

(a) Front

Figure 5.7: Bundle Column PEEQ
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5.4 Comparison and Discussion
Figure 5.8 shows a comparison of the axial compression load-displacement behaviour of
the long single-column FE model and the long bundle column FE model under axial
compression loads. It can be observed from this figure that the bundle column FE model
had a much higher ultimate load capacity and stiffer elastic behaviour than the singlecolumn FE model, with a 5000 kN difference between their capacities. This is due to the
increase in the overall column sectional area that resulted from the addition of the
multiple columns. At the same load, the blocs experienced less stress in the bundle
column FE model than the single-column FE model. In both FE models, the initiation of
plastic deformation occurred in both the blocs and the columns (Figures 5.3 and 5.6).
Both models experienced relative rotation due to the eccentricity of the resultant load
between the lower bloc and gusset plate, causing separation between the blocs. This
separation was very small for both models but was lower in in the bundle column model.

Figure 5.8: Axial compression load-displacement comparison
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CHAPTER 6
LATERAL SHEAR
This chapter outlines the results from the FE analysis performed on the VB6 connector.
The lateral shear model discussed in section 3.3.3 was used for the analysis. Figure 6.1
shows a cross section of the lateral shear model, with the cut plane located at the center of
the registration pin. The different parts of the model are distinguished by varying colours
and are labeled in the Figure as well. Various versions of this cross section will be used to
present the findings from the FE analysis.
Applied Displacement
Gusset Plate

Hold Down Plate

Upper
Bloc

Lower Bloc

HSS Column

Registration Pin

Bottom Plate

Figure 6.1: Lateral shear model cross section
The connection was subjected to lateral shear loads by applying a displacement to the
lower bloc, as shown in Figure 6.1. At the initiation of the applied shear load, the load
was transferred from the lower bloc to the registration pin. The registration pin was the
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SHCS

primary component of the connection to provide resistance against the applied
displacement.

Stress in Registration Pin

Figure 6.2: von Mises stress in shear model
Figure 6.2 shows the von Mises stress distribution of the connection at the first step of the
analysis, where the applied displacement was 0.2 mm and the corresponding load was
243 kN. It can be seen from this figure that the maximum stresses occurred around the
registration pin. The stressed region going through the registration pin in Figure 6.2 is
indicative of its shear plane. The stress concentration continued to intensify at this region
as the applied displacement increased. Since the registration pin was threaded on one end
and the load was transferred to its middle, it underwent both shear and bending. As
further displacement was applied to the model, the registration pin bent and eventually
came into contact with the gusset plate at a load of 1010 kN. A cross section of the
registration pin before any displacement was applied and when it contacted the gusset
plate is shown in Figure 6.3 (a) and (b), respectively.

73

Load transfer from lower
bloc to registration pin

Threaded
connection between
registration pin and
upper bloc

Initial gap between
registration pin and
gusset plate

(a)
Registration pin prior to loading

Registration pin contact
with gusset plate

(b)
Registration pin contact with gusset plate
Figure 6.3: Registration pin contact with gusset plate
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Figure 6.4: Lateral shear load-displacement plot
Figure 6.4 shows the load-displacement results from the lateral shear model. It can be
seen from this figure that the behaviour of the connection is initially linear until the load
reaches approximately 460 kN, after which the connection begins to show nonlinear
behaviour. As further displacement was applied to the connection, the load-displacement
plot gradually plateaued, which indicates decreasing stiffness and plastic deformation.
The plot continued to plateau before showing an increase in stiffness, as marked by the
green point in Figure 6.4. This increase in stiffness in the global behaviour of the
connection was due to the registration pin coming in contact with the gusset plate. The
contact provided an intermediate support for the registration pin between the applied load
and the threaded connection. This decreased the length of the moment arm, which
reduced the effects of bending on the registration pin and resulted in the increased
stiffness shown in Figure 6.4. The VB6 connection was designed so that the registration
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pin would provide the majority of the resistance under shear loads. Thus, failure of the
registration pin is defined as the shear failure of the overall connection. Since the highest
stress concentrations in the connection under the applied shear loads were located at the
registration pin, and the registration pin material is the weakest in the connection, the
registration pin was focused on to determine the shear failure load of the connection.
A

A-A

A

(a) 861 kN Load
B

Figure 6.6

B-B

B

(b) 950 kN Load
Figure 6.5: PEEQ of registration pin in shear model
Prior to the registration pin contacting the gusset plate, it can be seen in Figure 6.4 that
there was significant plateau in the load-displacement behaviour of the connection. This
indicates plastic deformation of the registration pin. Figure 6.5 (a) and (b) shows the
PEEQ distribution of the registration pin cross section through its shear plane at two
subsequent steps in the analysis when the load-displacement curve began to plateau. The
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first step had a load of 861 kN and the subsequent step was at a load of 950 kN. It can be
seen from this figure that at a load of 861 kN, the registration pin experienced some
plastic deformation at its outer face, but this deformation did not extend throughout the
cross section. Figure 5.5 (b) shows that at the load of 950 kN, the cross section at the
shear plane in the registration pin experienced plastic deformation almost throughout its
entirety. Furthermore, CSA S16-14 calculates the ultimate shear strength to be 60% of
the ultimate tensile strength for steel materials. 60% of the ultimate tensile strength of the
registration pin material is 335 MPa. At the loads of 861 kN and 950 kN, significant
sections of the registration pin exceeded this stress value. Thus, the ultimate capacity of
the connection under shear was conservatively determined to be 861 kN. However,
experimental testing is required to confirm this.
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CHAPTER 7
BENDING

7.1 Overview
This chapter outlines the results from the bending analysis conducted on the VB6
connection. The bending model that was described in section 3.3.4 was used to conduct
the analysis. The connection was subjected to both uniaxial bending and biaxial bending
loads and the results are discussed and compared. The connector using the 1.50 in (38.1
mm) diameter SHCSs located at the 6L position, which were the chosen parameters from
the parametric study, was used in the bending analysis. The results from the uniaxial
bending analysis are denoted with ‘UB’, while the results from the biaxial bending
analysis are denoted with ‘BB’.

7.2 Moment-Rotation Relationship
The results from the FE analysis showed that the applied bending loads caused the floor
beam and ceiling beam to experience flexural deflections. The deflections resulted in
bending deformation of the columns, causing separation between the upper and lower
blocs. The deflections and deformation of the columns also resulted in the relative
rotation of the connection. Thus, the moment-rotation relationship of the model was
determined from the results of the FE analysis. The configuration of the VB6 connector is
such that there are two different beam-column joints present in the connection. The first
joint is in the top module between the floor beam and top column, while the second joint
is in the bottom module between the ceiling beam and bottom column. Since there are
two different joints present, the moment-rotation relation was calculated separately for
each. The moment was calculated about the face of the column, with a moment arm
length of 1.29 m from the applied bending load and the face of the column. Figure 7.1
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shows a schematic of the model used to characterize the moment-rotation relationship in
the connection. In this figure, TM denotes the rotation of the top module while BM
denotes the rotation of the bottom module.

Figure 7.1: Moment-rotation schematic
(Dhanapal, 2019)

7.3 Uniaxial Bending
The moment-rotation behaviours of the connection under uniaxial bending loads are
shown in Figure 7.2. The maximum moment reached by the connection in the FE analysis
is marked by the red dot in Figure 7.2. It can be seen from this figure that the joints in
both the top module and bottom module exhibited similar behaviour under the applied
loads. Both joints initially showed linear moment-rotational behaviour and gradually
transitioned to non-linear rotational behaviour before reaching the maximum moment
79

capacity of the connection. Figure 7.3 shows the von Mises stress distribution of the
model at the onset of the nonlinear behaviour under uniaxial bending loads. It can be seen
from this figure that there were high stress concentrations (red regions) in the areas where
the upper and lower columns met the lower and upper blocs, respectively. Plastic
deformation was present at the column and bloc intersections, which caused the nonlinear
behaviour seen in the moment-rotation plot in Figure 7.2. The regions of plastic
deformation in the columns and blocs were primarily concentrated on the right side, as
that was the side the load was applied to. Further loading of the connection beyond the
maximum moment increased the plastic deformation in the columns and resulted in the
local buckling of the columns. The plastic deformation in the bottom column and
upperbloc at the maximum moment can be seen in Figure 7.4. There was a separation
between the blocs which resulted from applying the bending loads. This separation was
initially resisted by the SHCS, however further increasing the bending load caused the
plastic deformation of the SHCS, resulting in the nonlinear behaviour seen in Figure 7.2.
Figure 7.3 also shows that the right side of the model, the side in which the bending load
was applied, had high stress concentrations while the left floor and ceiling beams showed
negligible stress levels. This indicates that bending loads applied to the floor and ceiling
beams on one side of the connection did not affect the floor and ceiling beams on the
other side.

80

Maximum moment:
643 kN-m

Figure 7.2: Moment-rotation behaviour under uniaxial bending

Figure 7.3: Von Mises stress distribution under uniaxial bending
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Figure 7.4: Plastic deformation in bottom module under uniaxial bending

7.4 Biaxial Bending
The moment-rotation behaviours of both the top module and bottom module joints of the
connection under biaxial bending loads are presented in Figure 7.5. The maximum
moment reached in the FE analysis of the model is shown by the red dot in Figure 7.5. It
can be seen from this figure that the connection under biaxial bending loads shows
similar moment-rotational behaviour as under uniaxial loads. However, the moment
capacity of the connection is less under biaxial bending loads. This is due to bending
moments being applied to both sides of the connection. Both joints initially showed linear
moment-rotational behaviour and progressed into nonlinear moment-rotational behaviour
before reaching the maximum moment. Figure 7.6 shows the von Mises stress
distribution of the model at the onset of the nonlinear behaviour under biaxial bending
loads. It can be seen from this figure that the columns experienced high stress
concentrations at the location of the intersection with the blocs. At higher bending loads,
these locations between the blocs and columns experienced plastic deformation, causing
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the nonlinear behaviour seen in Figure 7.5. The plastic deformation of the upper bloc and
lower column in the model under biaxial bending loads can be seen in Figure 7.7. Unlike
the results from the uniaxial bending analysis, the plastic deformation and stress
concentrations in the blocs and columns under biaxial bending loads occurred on both
sides of the connection. Further loading beyond the maximum moment caused local
buckling of the columns. Separation between the blocs also occurred in the model under
biaxial loads, which was resisted by the SHCSs.

Maximum moment:
432 kN-m

Figure 7.5: Moment-rotation behaviour under biaxial bending
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Figure 7.6: Von Mises stress distribution under biaxial bending

Figure 7.7: Plastic deformation in bottom module under biaxial bending
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7.5 Connection Classification
Procedures for classifying a steel connection is provided in Eurocode 3 (BS EN 1993-1-8:
2005, 2005) and used in this study. The connections are classified as nominally pinned,
rigid, and semi-rigid connections. The code defines a nominally pinned connection as one
that is able to transfer the internal forces without forming significant moments that may
affect the members of the structure. Rigid connections are defined by the code as having
enough rotational stiffness to rationalize full continuity in the analysis. Finally, semi-rigid
connections are defined by the code as one that is capable of transferring internal forces
and moments but does not meet the requirements of the previously mentioned
connections. Limits are set for each classification based on the initial rotational stiffness
of the connection (𝑆𝑖,𝑖𝑛𝑖 ). These limits are calculated based on the geometry of the
connection components as well as the level of the bracing present in the overall structural
frame in which the connection is used. A floor beam with a span length of 4.4 m was
considered in the calculation. The equations used to calculate these limits are shown in
the equations below.

Zone 1: Rigid, if 𝑆𝑖,𝑖𝑛𝑖 ≥  𝑘𝑏 𝐸𝐼𝑏 /𝐿𝑏

(7.2)

Zone 2: Semi-rigid
Zone 3: Nominally pinned, if 𝑆𝑖,𝑖𝑛𝑖 ≤  0.5𝑏 𝐸𝐼𝑏 /𝐿𝑏
Where:
𝑘𝑏 = 8 for braced frames
𝑘𝑏 = 25 for other frames
𝐿𝑏 = span of the beam
𝐼𝑏 = second moment of area of the beam
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(7.2)

Figure 7.8: Joint classification zones
(BS EN 1993-1-8: 2005, 2005)
Figure 7.2 shows the zones that the above equations refer to. If the initial rotational
stiffness of the connection falls within zone 1, then the connection would be classified as
rigid, if it falls within zone 2, it is classified as semi-rigid, and if it falls within zone 3, it
is classified as nominally pinned. In this study, both the braced and unbraced limits for
the rigid classification were considered. The limits according to Eurocode 3 are presented
in Figures 7.2 and 7.5 as three straight lines labelled as rigid, rigid (braced), and
nominally pinned. It can be seen from Figure 7.2 that the initial rotational behaviour of
the connection under uniaxial bending loads falls within the region between rigid
(braced) and rigid (unbraced). Thus, if the structural frame that the connection is used in
is sufficiently braced against horizontal displacement, then the connection would be
classified as rigid and if the structural frame is unbraced, then the connection would be
classified as semi-rigid. Similar observations can be made from Figure 7.5, where the
initial rotational stiffness of the connection under biaxial bending loads also falls within
the region between the rigid (braced) and rigid (unbraced) limits. Thus, the connection
under biaxial bending loads can be classified as rigid if it is used in a frame braced
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against horizontal displacement and classified as semi-rigid if used in an unbraced frame.
This means that the VB6 connection is able to transfer moments from the beams to the
columns and be utilized as a moment-resisting connection.
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CHAPTER 8
SUMMARY AND CONCLUSIONS
The VectorBloc connector is a cast steel connector used in the connection between
modules made from hollow structural steel (HSS) members. A new design of the
VectorBloc connector, called VB6, has been proposed to increase the uplift capacity of
the connection. This study presents the results of a study performed on the VB6
connector using a finite element analysis (FEA) based numerical approach. A detailed
parametric study of the connection subjected to axial tension loads was completed. In
addition, the behaviour of the connection under axial compression, lateral shear, and
bending loads was analyzed. Several conclusions based on the results obtained from the
numerical simulation were formed upon the completion of this research, which are
highlighted as follows:
1. The location of the socket head cap screws (SHCS) affects the stiffness and
capacity of the connection under axial tension loads. It was found that as the
position of the SHCS was placed farther away from the column centroid, the
capacity decreased. A 20% reduction in the load capacity of the connection was
observed between each subsequent location of the screws as it moved further
away from the column.
2. The location of the SHCS affects the separation between the blocs when the
connection is subjected to tension loads. The separation between the blocs
increases the further the position of the SHCS is from the column.
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3. The diameter of the SHCSs affects the capacity and stiffness of the connection
under axial tension loads. As the diameter of the SHCS increases, so does the
capacity of the connection.
4. The diameter of the SHCS affects the separation between the blocs when the
connection is subjected to tension loads. Larger diameters provide stronger
resistance to the separation.
5. Using bundle columns affects the stiffness and capacity of the connection under
tension loads. It was found that depending on the parameters, the addition of
bundle columns can increase the capacity of the connection by 95% to 129%.
6. Using bundle columns affects the separation between the blocs when the
connection is subjected to tension loads. A 7% to 11% reduction in the bloc
separation was found with the addition of bundle columns.
7. A SHCS diameter of 1.50 in (38.1 mm) positioned 6 in (152.4 mm) away from the
column centroid is recommended as the ideal parameters for the connection to
maximize its uplift capacity while ensuring feasibility for onsite installation.
8. The length of the columns affects the compressive capacity of the connection.
9. The failure mode of the connection under axial compression loads is inelastic
buckling of the columns.
10. Using bundle columns affects the compressive capacity of the connection. The
addition of the bundle columns improved the compression capacity of the
connection by 5000 kN.
11. The registration pin was the critical component of the connection when subjected
to lateral shear loads.
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12. The capacity of the connection was higher under uniaxial bending loads than
biaxial bending loads.
13. The connection can be classified as rigid if the structural frame it is used in is
provided with sufficient bracing against horizontal displacements. If the structural
frame is unbraced, the connection can be classified as semi-rigid.
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